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Abstract

Alkali metal complexes of the cyclic dipeptide cyclo Tyr-Tyr have been studied under cryogenic
ion trap conditions. Their structure was obtained by combining Infra-Red Photo-Dissociation
(IRPD) and quantum chemical calculations. The structural motif strongly depends on the
relative chirality of the tyrosine residues. For residues of identical chirality, the cation interacts
with one amide oxygen and one of the aromatic rings only; the distance between the aromatic
rings does not change with the nature of the metal. In contrast, for residues of opposite
chirality, the metal cation is located in-between the two aromatic rings and interacts with both
of them. The distance between the two aromatic rings strongly depends on the metal.
Electronic spectra obtained by Ultra Violet Photodissociation (UVPD) spectroscopy and
analysis of the UV photo-fragments shed light on the excited state deactivation processes,
which depend on both the chirality of the residue and the metal ion core. Na* stands out by
the presence of low-lying charge transfer states resulting in the broadening of the electronic
spectrum.
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Introduction

The excited electronic states of systems containing two or more aromatic chromophores often
display a complex structure due to the coupling between them. Exciton splitting is dominant
in symmetrical bi-chromophore systems such as the 2-pyridine dimer, where the S$1<So
transition is forbidden by symmetry and the S,<-So transition allowed, and involves important
vibronic effects.” 2 In complex systems, analysis of the splitting gives information on the
distance between the chromophores and their relative orientation.> However, dissymmetry
brought by substitution or complexation results in a site splitting that often dominates the
electronic spectrum.> 4 Dissymmetric structures are in particular observed for bi-
chromophoric cyclic di-peptides of the diketopiperazine family containing two aromatic amino
acids residues of identical or opposite chirality. Diketopiperazine (DKP) peptides are cyclic di-
peptides produced by intramolecular amide bond formation in a linear peptide. Their cyclic
nature endows them with high stability due to the absence of C or N terminus group and with
limited conformational flexibility. Therefore, their rigidity and stability make them interesting
scaffold for the synthesis of innovative drugs.> ® From the fundamental point of view, they
provide model systems for studying the influence of the chirality of the residues on the
structure of sterically constrained systems. We have undertaken a study of DKP dipeptides
containing at least one aromatic amino acid under jet-cooled or ion trap conditions.”*¢ Among
the studied systems, those containing two aromatic amino-acids are of special interest as they
raise the question of the localisation of the electronic transition and the coupling between the
two aromatic chromophores (see Figure 1). The most stable structures of neutral bi-
chromophore DKP dipeptides, like cyclo(phenylalanyl-phenylalanyl) (c-Phe-Phe) or
cyclo(phenylalanyl-tyrosyl) (c-Phe-Tyr),'% 14 15 gre very similar, although spectroscopically
discernible, whether the two residues have identical or opposite absolute configurations.
Double resonance IR-UV experiments under jet-cooled conditions points towards a
dissymmetric structure.'® 141> 17 |n the most stable form, one of the aromatic rings is folded
over the DKP ring while the other one is extended outwards (Figures 1c and 1d). This results
in the localisation of the electronic transitions. The lower-energy transition S1¢Sg is localised
on the extended aromatic ring while S$,¢So is localised on the folded ring.
Cyclo(tyrosyl-tyrosyl) stands out in that an additional structure is observed for residues of
identical absolute configuration, with the two phenol rings in a stacked geometry, resulting in
a broad electronic absorption.'” This structure is stabilised by an intramolecular hydrogen
bond between the two phenolic OH groups, which overcomes the repulsion between the
aromatic rings (Figure 1c’). Still, the first two electronic transitions are localised on each
aromatic ring. Protonation of the molecule happens on the amide CO and destabilises the
stacked geometry to the benefit of a folded-extended structure stabilised by the interaction
between the OH* group and the extended ring, shown in Figures le and 1f. Despite the
perturbation brought by the point charge and the dominant OH*...n interaction, the two
diastereomers are still clearly distinguishable by their spectroscopic signature in the 3 um
region.” The study of ion-core complexes of DKP peptides with alkali metals is still scarce.'®
Due to the cyclic nature of the DKP dipeptides, no charge-solvated structure can be formed,
in contrast to linear peptides.'® Steric constraints also prevent formation of NH...O hydrogen
bonds that could compete with the M*...0 interaction. Therefore, only the amide CO and the



aromatic rings are expected to compete for binding the metal, which makes the system
simpler than linear peptides. The competition between the aromatic rings and the amide CO
depends on both the peptide sequence?® and the ionic radius of the ion.?! For the protected
Ac-Tyr-NHMe peptide for example, built on the glycine-tyrosine-glycine sequence, the
tridentate conformation where the metal interacts with two amide oxygen atoms and the
aromatic ring (OOm) is preferred for all the alkali metal ions complexes at OK. At room
temperature, however, while OO is still the most stable for Li* or Na*, larger alkali cations
prefer the bidentate conformation in which the cation only interacts with the two amide
oxygen atoms (00).%! This points towards important entropic effects in this kind of systems.
Open structures are favoured for the alkali ions complexes of bi-chromophore phenylalanyl-
phenylalanyl dipeptides with alkali ions, with the two aromatic rings in a fully extended
conformation to minimise repulsion between them.?? In these structures, the alkali metal ion
interacts with two amide oxygen atoms and one aromatic ring only (OOm). Only divalent ions
like Ca?* form very compact complexes where the ion is sandwiched between the two
aromatic rings in a tetravalent fashion (OO7n).?2 Stereochemical factors also are important to
define the interaction mode and shape the molecular structure.’ 23 The Li* or Na* core
diphenylalanine complexes have an OOm structural pattern when the two residues are of
opposite absolute configuration. When they have identical absolute configuration, interaction
with one the N terminal nitrogen atom (OON) is energetically competitive with the OOn
geometry. Also the structure of the tetra phenylalanine Na* complex depends on chirality; the
all L peptide showing an OOmr interaction pattern and the LDLD peptide an 000O= scheme.?*

In this work, we extend our study on the cyclo-(tyrosyl-tyrosyl) dipeptide to its ion-core
complexes, for a series of alkali metal ions ranging from Li* to Cs*. We aim to understand
whether the relative chirality of the residues influences the binding pattern of the metal ion,
the nature of the excited state and the photophysical processes resulting from UV excitation.
In addition, we study whether the structure of the ground and first electronic excited states
as well as the nature of the photofragments depend on the size of the metal ion. To this end,
we use action spectroscopy under cryogenic ion trap conditions, both in the IR and UV range,
together with quantum chemical calculations. The studied molecule is shown in Figure 1. In
what follows, the ion-core complexes will be denoted c-LL-M* and c-LD-M*, with M standing
for Li, Na, K, Rb, Cs, respectively.
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Figure 1: Scheme of the studied molecule. a) cyclo (tyrosyl-tyrosyl) (c-LL) b) cyclo (tyrosyl-D-tyrosyl)
(c-LD). The stereogenic centres are shown with *. c) and ¢’) most stable forms of neutral c-LL d) most
stable form of neutral c-LD. e) and f) most stable structures of c-LLH* and c-LDH", respectively.

Experimental Section
Experimental Methods

Cyclo Tyr-Tyr (>99%) was purchased from Genecust (Luxembourg), and used without further
purification. The experimental set-up has been described in detail already.?> Briefly, the
methanol solutions containing cyclo(Tyr-Tyr) at a concentration of 1.2 x 10° ML and the cation
at a concentration of 1 x 10* ML were electro-sprayed from a nebulizer. The droplets were
evaporated by travelling through a glass capillary heated up to 80°C. The ions efficiently
collected by an ion funnel were injected into a quadrupole mass spectrometer (Q-MS: Extrel)
via a hexapole ion guide. The target complex was mass selected by the Q-MS and then
introduced to a cryogenic quadrupole ion trap (QIT) via a quadrupole ion bender and octupole
ion guides. The QIT was kept at 4K by a closed-cycle two-stage He cryostat (Sumitomo: RDK-
408D2) during the whole experiment. A mixed buffer gas of H, (20%) and helium was
introduced to the QIT using a pulsed valve (Parker Hannifin: General Valve Series 9). The mass-
selected ions were allowed to collide with the cold buffer gas so that they were trapped in the
QIT and cooled down to ~10K. Hydrogen molecules weakly attached to the ions under such
cryogenic conditions. The H,-tagged ions were irradiated in the cold trap with a tuneable IR
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laser (LaserVision: OPO/OPA). Hydrogen molecules were detached from the cluster ions when
the wavenumber of the IR laser was resonant to a vibrational transition of the cluster ions.?®
The photofragments were extracted linearly and detected by a linear time-of-flight mass
spectrometer (TOFMS). The photofragment ion signals from a dynode converter detector of
TOFMS were amplified 10 times by a preamplifier and recorded on a fast digitizer. IR
photodissociation (IRPD) spectra were measured by monitoring the intensity of the
photofragments resulting from H; loss, i.e. the ion core complex, as a function of the
wavenumber of the IR laser. The UV photodissociation spectra (UVPD) of the trapped ions was
measured by monitoring the fragment intensity (vide infra) as a function of the wavenumber
of the UV laser. The UV light source was the frequency-doubled output of a dye laser (Sirah,
Cobra Stretch) pumped by the third harmonic of a Nd:YAG laser (Spectra Physics).

Theoretical Methods

The geometry of the Li*, Na* and K* ion core complexes were optimised at the B3LYP/6-
311++G(d,p) level, including the D3 dispersion corrections,?’?° as done previously for the
neutral and protonated molecules.” ¥’ The LANL2DZ pseudo potential was used for Rb* and
Cs*, keeping the 6-311++g(d,p) basis set for the C, N, O and H atoms. The harmonic frequencies
were calculated at the same level of theory. The frequencies were scaled by 0.952 in the 3 um
region and 0.978 in the fingerprint region. All calculations were performed with the Gaussian
Package (Version 16 Rev. B.01).3° The starting structures were those used for the protonated
system, replacing the proton by the metal ion.” Only one of the phenolic OH orientations was
kept, due to the very small difference in energy and vibrational spectrum between the two
orientations.

The electronic excited states of the metal core complexes were calculated at the ri-cc2 level
of theory, using the resolution-of-the-identity (ri) approximation.3! To this end, the ground-
state structures obtained at the DFT level were re-calculated at the ri-cc2 level using the TZVP
basis set for the Li* Na* K* complexes and the def2-SVP basis set together with the def2-ecp
pseudo potential for the Rb* and Cs* complexes. The vertical excitation energies were
calculated at the ri-cc2 level, with six excited states. The changes in electronic densities
between the ground state and the electronic excited states were calculated at the same level
of theory and plotted using the VMD software, with an isodensity value of 0.001.3?

Results and Discussion
Vibrational Spectroscopy In the 3 um Region and Structural Assignments

The experimental vibrational spectra in the region of 3 um are shown in Figure 2, as well as
the most stable calculated structures and the corresponding simulated spectra. For each
complex, the three lower-energy structures as well as their simulated spectra are shown in
Figures S1 to S5 of the electronic supplementary information (ESI). Four bands are expected
in this region, namely, two v(OH) and two v(NH) stretches. As seen in Figure 2, the position of
these bands depends on both the metal cation and the relative chirality of the residues.

While the two v(OH) frequencies are identical for all c-LD-M* complexes, a splitting is observed
in the c-LL-M* complexes, which depends on the cation. The splitting is maximal for Li*, then
decreases to zero for K*, and remains small for larger metal cations. The variations are more
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pronounced for the v(NH) frequencies. For the c-LL-M* ion core complexes, the splitting is
maximum for Li* and then decreases monotonously to zero, reflecting the increasing distance
between the metal ion and the amide (see Figure 3). For the c-LD-M* metal complexes, the
splitting is small for Li*, zero for Na* and then increases.

An excellent agreement is obtained between the experimental spectra and those simulated
for the most stable calculated structures shown in Figure 2. Both evolution of the splitting with
the ionic radius and difference between c-LL-M* and c-LD-M* are well accounted for by the
calculations. Based on their relative energy and/or on their simulated spectra, we can discard
the higher-energy structures. The most important geometrical parameters of the most stable
complexes are summarised in Figure 3. In all these structures, the metal cation is interacting
with one of the amide CO, with an M*...0C distance increasing monotonously with the ionic
radius or the polarizability of the metal cation (see Figure 3). This distance does not depend
on chirality and is very similar for c-LL-M* and c-LD-M* for a given ion.
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Figure 2: IRPD spectrum in the region of 3 um together with the simulated spectra (stick spectra) for
the most stable structures displayed on the right. The spectra have been recorded by monitoring the
H, loss from the H,-tagged complexes. The metal ion is shown as a purple circle.

For all the structures, one of the aromatic rings is folded over the DKP peptide ring and the
other one is extended outwards, in a trans geometry allowing interaction with M*. For the
small cations, Li* and Na*, the structure is close to that of the protonated dipeptide (Figures
1f and 1e), with the metal cation replacing the proton. Then the distance between the metal
ion and the centre of the extended ring increases monotonously with the cation ionic radius
and does not depend much on chirality (see Figure 3).



=
=1

cLLM™ c-LD-M"
9 9
8+ Cs 8
K Rb Rb Cs
o
T Na D/D/ 7 N K
< Li / =z ) a
g 6 = g 61 LIM/—‘
b P e — Y c &
£ 5 8 54 o——""
3 o IS
] P
R
3] — I 3 -7-—’.4-
./ /./c — /./
2 g—" 2 -—
1 T T T T T 1 T T T T T
100 120 140 160 180 80 100 120 140 160 180 200

Bare cation radius (pm) Bare cation radius (pm)

Figure 3: Geometrical parameters for the c-LL-M* (left) and the c-LD-M* (right) ion core complexes.
Distance from M* to: oxygen amide atom (black full circle), centre of the extended ring (red full square),
centre of the folded ring (blue empty circle). Distance between the centres of the two aromatic ring
(green triangles).

However, c-LL-M* and c-LD-M* differ in that the cation only interacts with the amide oxygen
and the extended ring in the c-LL-M* complexes. As a result, the metal ion remains in the
amide plane for all c-LL-M* complexes. This is why the distance between the cation and each
of the aromatic rings increases monotonously with the cation size and the inter-ring distance
does not depend on the nature of the metal, nor does the angle between the aromatic rings,
which are orthogonal to each other. In contrast, M* is located in-between the two aromatic
rings in the c-LD-M* complexes and the metal cation interacts with both of them. The aromatic
rings and the amide oxygen compete to interact with the cation and the cation departs from
the amide plane to facilitate its simultaneous interaction with the two rings. Therefore, the
distance between the metal ion and the centre of the two aromatic rings is dictated by the
competition between the different interactions, which strongly depends on the metal.'® For
small ions, the metal is aligned with CO and mostly interacts with one ring. In contrast, for
large ions, the ion is not collinear with CO and interacts with the two rings. As a result, the
distance between M* and the extended ring increases with the ion size, while that between
M* and the folded ring reaches a maximum for Na*. Conversely, the inter-ring distance is
minimal for Na*. The angle between the aromatic rings also varies with the metal. While they
are nearly perpendicular for small ions, they become almost parallel to each other for Cs*,
leading to a compact structure in which the cation is sandwiched by the two aromatic rings.

It is telling to compare the sensitivity of the spectroscopic signature to chirality, namely, the
splitting between the two v(NH) for c-LL-M* and c-LD-M"*, as a function of the metal ion (Figure
4). The difference between c-LL-M* and c-LD-M* is largest for Li* then decreases to reach zero
for K* and changes sign. Figure 4 emphasises that the c-LL-K* and c-LD-K* complexes show very
similar spectroscopic signatures. The same trend are observed for the v(OH (not shown),
although the frequency range is smaller.
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Vibrational Spectroscopy in the 6 um Region.

Figure 5 shows the experimental spectra of the c-LL-M* and c-LD-M* ion core complexes in the
6 um region, as well as those simulated for the most stable structures. Surprisingly, the
spectrum shows three bands in the v(CO) region, where only two bands are expected. To
check whether the additional band results from the effect of the H, tag, IR-UV double
resonance spectra have been recorded, setting the probe on the lower-energy UV transition
(vide infra) on the example of the c-LL-K*, c-LL-Cs*, and c-LD-Cs* complexes (Figure S6 to S8).
The lower-energy band is observed at the same frequency in the IR-UV and IRPD spectra,
within 5 cm™ and can be readily assigned to the v(CO) interacting with the metal. The higher-
energy band is also hardly modified between the IR-UV and IRPD spectra; it is assigned to the
free v(CO). The additional band at intermediate frequency is probably due to the effect of the
H; tag and is likely to arise from a conformer with one H, molecule located close to the metal
ion. In addition to that, a splitting of the free v(CO) transition is observed in the IRPD spectrum
of the c-LD-K* or c-LD-Li* complexes, as well as in the IR-UV spectrum of c-LD-Cs*. The fact that
this splitting is observed in the IR-UV spectrum of c-LD-Cs* and not in its IRPD spectrum points
towards a Fermi resonance which is tuned on or off by the presence of the tag. To check this
hypothesis, we have performed anharmonic calculations for the c-LD-Cs* complex. The
obtained spectrum (Figure S9) indeed shows a splitting of the higher-energy band, which
confirms this hypothesis.
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Figure 5: IR photodissociation spectra in the region of 6 um together with the simulated spectra (stick
spectra) for the most stable structures displayed on the right. The spectra have been recorded by
monitoring the H; loss from the H,-tagged complexes. The metal ion is shown as a purple circle.

Despite the large distance between the ion and the free amide, the frequency of the free v(CO)
decreases when the size of the cation increases, for both c-LL-M* and c-LD-M* complexes. The
variation shows a quasi linear trend as a function of the electric field created by the ion (Figure
S10). For the c-LD-M* complexes, the frequency of the bound v(CO) smoothly increases when
the size of the cation increases, reflecting both the increasing distance between the CO and
the metal ion and the increasing competition between M*...0 and M*...wt interactions, which
favours the latter for large ions. However, the dependence upon the electric field is far from
being linear, in contrast to what was observed for the alkali-core polyglycine complexes.3® The
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shift from linearity is even more pronounced for the c-LL-M* complexes. The evolution of the
bound v(CO) of the latter is not even monotonous (see Figure S11), reflecting the fact that the
interaction cannot be explained in electrostatic terms only.

The weaker feature at ~ 1525 cm is assigned to the aromatic in-plane B(CH); it is not sensitive
to chirality nor to the size of the metal cation and will not be discussed further.

Electronic Spectroscopy.

The UVPD electronic spectra of all the ion core complexes are shown in Figure 6. The spectra
of the K*, Rb*, Cs* complexes have been recorded by monitoring the mass of the metal ion
fragment as a function of the UV wavelength and that of the Li* and Na* complexes by
monitoring the mass of a molecular ion fragment, namely, m/z 119. We shall come back to
the specific fragmentation pattern later.
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Figure 6: UV photo-dissociation spectra of the ion core complexes. The c-LL-M* complexes are shown
in red and the c-LD-M* in blue. The spectra of the Li* and Na* ion core complexes have been obtained
by monitoring the fragments m/z 119 and m/z 220, respectively. The spectra of the other complexes
have been recorded by monitoring the M* loss (see text).

For a given absolute configuration of the residues, namely, LL or LD, the transition origin is
shifted down in energy when the size of the cation increases. This is reminiscent of what was
observed in a series of jet-cooled ion pairs based on the phenylacetate chromophore and the
very same alkali metal cations as studied here,** or for the dimethoxy-benzene ion core
complexes.® The increase of the red shift of the electronic transition was then explained in
terms of an intramolecular Stark effect due to the electric field caused by the ion on the
aromatic ring.3* The c-LL-Li* and c-LD-Li* transition origins are located very close to that of bare
tyrosine (35941 to 35650 cm™ depending on the conformer).3¢ For the Li* and Na* ion core
complex, the electronic transition of c-LD-M* is lower in energy than that of c-LL-M*. It is the
opposite from K* on, with a difference that increases with the size of the metal ion.
Interestingly, the change in ordering between the electronic transitions energies happens
between K* and Na*, as it was the case for the vibrational frequencies of v(NH). This effect is
difficult to rationalise but it could be due to the fact that the two benzene rings are roughly
orthogonal to each other in all the c-LL-M* complexes, while the geometry changes as a
function of the ion size in the c-LD-M* complexes. While it resembles that of c-LL-M* with
orthogonal benzene rings for Li* and Na*, it evolves to a more parallel (V shape) structure for
larger ions. The change happens for K*, which could explain the changes in spectroscopic
signature observed for this ion.

Figure 7 shows the vertical transition energies for the first six Sh¢-So electronic transitions.
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Figure 7: Ordering of the electronic transitions S, ¢<-So. Full black squares: nt* transition located on the
extended ring. Empty red squares: nt* transition located on the folded ring. Full magenta stars: charge
transfer from the extended aromatic ring to the metal ion. Blue empty circle: transitions located on
the peptide ring. Full purple lozenges: charge transfer from the folded aromatic ring to the metal ion.
Full red circles: charge transfer from the folded aromatic ring to the extended one.

Geometry optimisation of the excited states is beyond the scope of this article and we shall
discuss the results on the basis of vertical transition energies. The electron density difference
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between the electronic ground state Sp and selected electronic excited states S, are shown in
Figure 8. For all the ion-core complexes, the S14-Sg and S24-Sp transitions are n* transitions
localised on the extended and folded benzene rings, respectively, as it was already the case
for the neutral molecule.'” Figures 8a and 8b show these transitions on the example of c-LL-Li*.
The transitions located on the amide (Figures 8c) show little variation with the ion core or with
chirality. The CT from the folded ring to the metal ion (Figures 8d) is high in energy for all the
systems and will not be discussed further. The vertical energy and the nature of the other
Sn&So transitions depend on both the metal ion and the relative chirality of the residues, as
summarised in Figure 7.

For the c-LL-M* complexes, the S3€Sp transition always has a charge transfer (CT) character.
For all c-LL-M* complexes but c-LL-Li*, it corresponds to a CT from the extended ring to the
metal, similar to that depicted in Figure 8e on the example of c-LD-Rb*. Its energy raises when
the size of the metal ion increases and so does the separation between S3¢Sp and S1€-Sp or
S2¢-So. The influence of this CT states is thus expected to become smaller when the size of the
metal cation increases and is thus maximum for Na*. Among the c-LL-M* complexes, c-LL-Li*
stands out in that no CT transition from an aromatic ring to Li* are calculated among the first
6 electronic transitions. Instead, intramolecular CT from the folded to the extended aromatic
ring is calculated at low energy and is the S3¢-So transition (Figures 8f). Such a transition is also
calculated as S5¢-Sp in c-LL-Na*.

a) c-LL-Li* S, €S, b) c-LL-Li*S,€S, c) c-LD-Cs * S;€-S,

e

d) c-LD-Rb* S, &S, e) c-LD-Rb* S,&S, f) c-LD-Li* S;4-S,

Figure 8: Electron density difference between the electronic ground state So and selected electronic
excited states S, (see text). The cut-off is set at 0.001. Positive values, shown in blue, correspond to an
increase of the electron density in S,.. Negative values, shown in red, correspond to a decrease of the
electron density in S.
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The situation is very different for the c-LD-M* complexes. The CT between the benzene rings
exists for Li* only. The transitions located on the amides are low in energy and correspond to
S3¢-Sp and S4<-So for all systems but Na*. The CTs to the ion, similar to those described in the
c-LL-M* complexes are very high in energy, except for Na* where it corresponds to S3¢So.
c-LD-Na* therefore differs from the other c-LD-M* complexes by the fact that the S3¢So
transition is a charge transfer from the extended aromatic ring to the metal ion. In both
c-LL-Na* and c-LD-Na*, the CT from the extended aromatic ring to the metal ion is very low in
energy, compared to the other metal ion complexes, which points towards specific
photophysical behaviours of Na*.

We can now discuss the experimental results at the light of these theoretical findings. Among
the c-LL-M* complexes, c-LL-Li* stands out in that it has a low-energy intramolecular CT
between the benzene rings (S3¢-So transition). This is in line with the UVPD spectrum of c-LL-Li*
that shows a broad absorption superimposed with the narrow transitions. This broad
absorption could result from the presence of the above-mentioned CT state. From Na* on, the
S3€Sp c-LD-M* is a CT to the metal whose energy raises when the size of the metal ion
increases, which might explain the broad absorption observed in the UVPD spectrum of
c-LD-Na* and not for the other ions.

The calculations also allow rationalising the fragments obtained by photo-dissociation. The
mass spectra resulting from the excitation of the origin transition of the c-LL-M* complexes
are shown in Figure 9.

m/z=119 m/z=333
Li* A . L
m/2=119| . m/z=227 m/z=349
Na* R T —— k
m/z=39 m/z=365
K* |
m/z=85,87 m/z=411
Rb+ ml— — l 1&0 ' 2‘;0 r" - Iii "_T k
m/22133 m/Z=459
Cs* — :
L L L L e L D L L L L |
0 100 200 300 400 500
m/z

Figure 9: MS? spectrum resulting from the excitation of the transition origin of the c-LL-M* complexes.
The insert is a zoom by a factor of 50.
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For K*, Rb*, and Cs*, the fragment is the metal ion, which suggests internal conversion to the
ground state and intermolecular fragmentation. The observation of the M* fragment is in line
with the fact that the CT states from an aromatic ring to the cation are high in energy for K*,
Rb*, and Cs*. The fragment would not be M* if the S3 CT state crossed the optically excited
state because CT corresponds to a reduction of the metal ion and a neutral metal should be
formed. In contrast, a molecular fragment at m/z 119 is observed for the Li* and Na*
complexes. This fragment has been observed already in the collision-induced dissociation of
cyclo(prolyl-tyrosyl)H*. It is explained in terms of the heterolytic cleavage of the DKP ring
leading to the loss of the quinopropyl radical ion CH,CHCsH4O". Interestingly, the m/z 119
fragment is only observed for Li* and Na* and not the other metal ions, pointing towards a
specific fragmentation pattern for the electronic excited states of the Li* and Na* complexes.
Conversely, the Na* and Li* fragments are not observed for the UVPD of the corresponding
complexes. Although we cannot draw definite conclusions for Li*, the small mass of which
makes it difficult to detect, it would be possible to detect Na* should if it were produced. Thus,
Na* does not appear as a photoproduct of the c-LL-Na* and c-LD-Na* complexes.

The presence of low-lying CT states explains the peculiar fragmentation pattern observed for
the Li* and Na* complexes. The CT state involves indeed charge transfer to the metal ion, thus
its reduction to a neutral species. The reduction of the metal is accompanied by the migration
of the charge on the dipeptide, resulting to the formation of m/z 119 with localisation of the
charge on the CgH70 fragment. This is reminiscent of what was reported for Ag* core peptides
where sequential proton and electron transfer has been observed.?” The presence in the MS?
spectrum of c-LL-Na* of the weak and broad band at m/z 227 is more difficult to rationalise. It
can be tentatively explained by the cleavage of the DKP ring accompanied by proton transfer,
which results in the loss of the close-shell CH3CH,CsH4sOH molecular fragment (M=122) and an
ionic fragment still containing the metal ion. The mechanisms are summarised in Figure 10.
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Figure 10: Schematic view of the deactivation processes depending on the position of the charge
transfer state. Na* complexes (left) and larger cation core complexes (right).

The geometry of the Si, S;, and Sz transitions has been optimised for c-LL-Na*. While the
geometry of the optimised S, and S; states does not change much compared to that of the
ground state, the S; state is stabilised by almost 10,000 cm™, with an important change in the
O...Na* distance upon electronic excitation (see Figure S11). This suggests that the charge
transfer transition becomes lower in energy than that of the ™ transitions at the equilibrium
geometry and confirms the role of the charge transfer states in the photo-physics of the Na*
complexes.

Conclusion

Vibrational spectroscopy combined with quantum chemical calculations have been used to
shed light on the structure of the cylo-Tyr-Tyr ion core complexes with alkali metal. We have
shown that the structural motif depends on both the metal cation and the relative chirality of
the tyrosine residues. In all the studied systems, the metal ion binds to one of the amide
oxygen atoms. The structure of the c-LL-M* complexes has one ring folded over the peptide
ring, whose position does not change with the size of the cation, and the other one extended,
which allows interaction with the metal ion (On type interaction). The c-LL-M* complexes
show a monotonous dependence of the M*...0 and M*...extended ring distances upon the size
of the metal ion and a constant distance between the aromatic rings. The structural pattern
of the c-LD-M* complexes are more diverse; they are dictated by the balance between the
interaction of the metal ion with the amide oxygen, the extended ring, and the folded ring. As
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a result, the two aromatic rings, which are perpendicular to each other for the c-LD-Li* and
c-LD-Na* complexes, become parallel for larger metal ions, sandwiching the cation. This is
reminiscent of the cation m cage observed for diphenylalanine ion core complexes.?? The
formation of such a fully solvated structure is here facilitated by the conjunction between the
cyclic nature of the peptide and steric constraints due to chirality that facilitate this interaction
in c-LD-M* only and not in c-LL-M*. The difference between c-LL-M* and c-LD-M* depends on
the cation size. The c-LL-M* vs. c-LD-M* difference in splitting between the two v(NH) evolves
with the cation size and is almost zero for K*, then changes sign. The same inversion at K* is
also observed for the electronic transitions: that of c-LD-M* is lower in energy for Li* and Na*
than it is the opposite. Among the studied complexes, those with Na* stand out due to specific
Na* induced stabilization of a charge transfer state from the extended aromatic ring to the
cation, which induces broadening of the UVPD spectrum in the case of c-LD-Na* and
dissociation towards molecular fragments. This study emphasises the fact that the differences
between two diastereomers of a cyclic dipeptide can be either emphasised or blurred upon
complexation with an alkali metal ion, depending on the metal size.
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Alkali metal complexes of the cyclic dipeptide cyclo Tyr-Tyr isolated in a cryogenic ion trap
show a structural motif that strongly depends on the relative chirality of the tyrosine
residues and on the size of the metal ion.
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